Helicobacter pylori (H. pylori) contributes to the development of peptic ulcers and atrophic gastritis. Furthermore, H. pylori strains carrying the cagA gene are more virulent than cagA-negative strains and are associated with the development of gastric adenocarcinoma. The cagA gene product, CagA, is translocated into gastric epithelial cells and localizes to the inner surface of the plasma membrane, where it undergoes tyrosine phosphorylation at the GluPro-Ile-Tyr-Ala (EPIYA) motif. Tyrosinephosphorylated CagA specifically binds to and activates SHP-2 tyrosine phosphatase at the membrane, thereby inducing an elongated cell shape termed the hummingbird phenotype. Accordingly, membrane tethering of CagA is an essential prerequisite for the pathogenic activity of CagA. We show here that membrane association of CagA requires the EPIYAcontaining region but is independent of EPIYA tyrosine phosphorylation. We further show that specific deletion of the EPIYA motif abolishes the ability of CagA to associate with the membrane. Conversely, reintroduction of an EPIYA sequence into a CagA mutant that lacks the EPIYA-containing region restores membrane association of CagA. Thus, the presence of a single EPIYA motif is necessary for the membrane localization of CagA. Our results indicate that the EPIYA motif has a dual function in membrane association and tyrosine phosphorylation, both of which are critically involved in the activity of CagA to deregulate intracellular signaling, and suggest that the EPIYA motif is a crucial therapeutic target of cagA-positive H. pylori infection.
Helicobacter pylori (H. pylori) is a causative agent of gastroduodenal diseases such as atrophic gastritis and peptic ulcers. Furthermore, chronic infection with H. pylori in the stomach is an important risk factor for the development of gastric cancer and the World Health Organization International Agency for Research on Cancer (WHO/IARC) classified H. pylori as a definite carcinogen in 1994 (1-6). The clinical outcome of H. pylori infection is dependent on both host and bacterial factors. H. pylori strains carrying the cag gene, which localizes at one end of the cag pathogenicity island (cagPAI), a horizontally acquired 40 kilo base-pair DNA segment, are associated with increased levels of inflammation and severe atrophic gastritis (7, 8) . As a consequence, cagA-positive H. pylori strains are more virulent than cagA-negative strains, and infection with the cagA-positive strain greatly increases the risk of developing gastric carcinoma (9) (10) (11) (12) (13) . However, the molecular mechanisms that underlie the development of mucosal lesions caused by cagA-positive H. pylori infection remain largely unknown.
The CagA protein is delivered into gastric epithelial cells by the type IV secretion system, which is encoded by genes present in cagPAI (14) (15) (16) (17) (18) . Translocated CagA localizes to the inner surface of the plasma membrane and undergoes tyrosine phosphorylation by Src family kinases (SFKs) (18) (19) (20) . Although SFKs are cytoplasmic tyrosine kinases, they are N-terminally myristoylated and this lipid modification facilitates the attachment of SFKs to the membrane. Accordingly, membrane localization of CagA may be required for CagA phosphorylation or at least promote the process by SFKs. Tyrosine phosphorylation sites of CagA are characterized by a Glu-Pro-Ile-Tyr-Ala (EPIYA) motif present in its C-terminal variable region (19) (20) (21) (22) . Tyrosinephosphorylated CagA specifically binds to Src homology 2 (SH2)-containing tyrosine phosphatase (SHP-2) or C-terminal Src kinase (Csk) and stimulates their enzymatic activity (22) (23) (24) . Since both SHP-2 and Csk are involved in intracellular signaling, disturbance of their functions by CagA has been thought to play a role in the development of gastric disorders that are associated with cagA-positive H. pylori infection.
In vitro infection of gastric epithelial cells with cagA-positive H. pylori strains, but not cagAnegative strains, induces a unique morphological change that is characterized by spreading and elongation of cell shape (25) . The cell morphological change, termed "the hummingbird phenotype", is associated with cell scattering and increased cell motility (21, 26) . Induction of the hummingbird phenotype is mediated by SHP-2, which is deregulated through CagA-SHP-2 interaction (26) . A constitutively active form of SHP-2 can also induce the hummingbird phenotype, but the morphological change requires membrane association of SHP-2 (22) . This observation indicates that the plasma membrane recruitment is essential for SHP-2 function and suggests that a primary role of CagA in host cell is to translocate cellular proteins such as SHP-2 from the cytoplasm to the membrane and activate them at the membrane. In this sense, CagA functionally mimics mammalian scaffolding adaptor proteins, such as IRS and Gab/Dos family members. Also, CagA has been reported to co-localize with ZO-1 and JAM, components of the junctional complex, and destroy tight junctions in polarized MDCK epithelial cells in a manner independent of tyrosine phosphorylation (27) . These findings indicate that CagA induces junctional dysfunction, which alters epithelial cell permeability and thereby promotes mucosal inflammation.
The above studies indicate that membrane association of CagA is important for the pathogenic action of CagA in gastric epithelial cells. In this work, we investigated the CagA structure that is involved in membrane localization of CagA using a series of CagA mutants. We found that the EPIYA motif, which is known to be the site of CagA tyrosine phosphorylation, is also responsible for the association of CagA with the membrane. We discuss the bifunctional role of the EPIYA motif in membrane localization and tyrosine phosphorylation in the context of CagA pathogenicity.
EXPERIMENTAL PROCEDURES
Antibodies-Anti-HA rabbit polyclonal antibody (Y-11) and anti-Myc mouse monoclonal antibody (9E10) were purchased from Santa Cruz Biotechnology.
Anti-phosphotyrosine mouse monoclonal antibody (4G10) was purchased from Upstate Biotechnology. Alexa Fluor 546-conjugated anti-rabbit and anti-mouse antibodies were purchased from Invitrogen.
Expression Vectors-Mammalian expression vectors for HA-tagged wild-type CagA derived from H. pylori NCTC11637 strain (WT CagA) and its mutants, phosphorylation-resistant (PR) mutant CagA and CagA N mutant, have been described previously (26, 28) . CagA N C and CagA N ABCCC mutants were generated from CagA N by deletion of amino-acid residues 1087-1247 and 869-1086, respectively. were generated by deleting five amino-acids composing EPIYA motif from CagA BCCC, CagA ACCC and CagA ABCC, respectively. CagA ABCCC+EPIYA and CagA ABCCC+3EPIYA were prepared from WT CagA by substituting amino-acid residues 869-1086 with one and three copies of the EPIYA sequence, respectively. The DNA fragments encoding WT CagA and its mutants were cloned into a pSP65SR mammalian expression vector.
Constitutively active mutants of SHP-2 with (Myr-SHP-2 SH2-Myc) or without (SHP-2 SH2-Myc) myristoylation signal sequence from v-Src have been described previously (22) . EPIYA-SHP-2 SH2-Myc was constructed by replacing the vSrc-derived myristoylation signal sequence with the Glu-Pro-Ile-Tyr-Ala (EPIYA) sequence. The DNA fragment encoding the mutant was cloned into a pSP65SR vector.
Cell staining-Human gastric epithelial AGS cells were cultured in RPMI1640 medium supplemented with 10% FCS. Morphology of the AGS cells was examined at 17 h after transfection. After examination of cell morphology, the cells were harvested, and then lysed in lysis buffer as described previously (29) . Total cell lysates were subjected to SDS-8% polyacrylamide gel electrophoresis (PAGE). Proteins transferred to poly (vinylidene difluoride) membrane filter (Millipore) were soaked in solutions of appropriate antibody and then visualized using Western blot chemiluminescence reagent (PerkinElmer Life Sciences).
RESULTS
Requirement of the EPIYA-containing region for membrane localization of CagA-To determine the CagA region that is responsible for membrane localization, we made a series of CagA mutants from H. pylori NCTC11637 CagA. NCTC11637 CagA (Wild-type CagA) possesses five EPIYA motifs in the C-terminal EPIYA-containing region as schematically depicted in Fig. 1A . We first generated CagA mutants that lack the N-terminal region (CagA N), C-terminal region (CagA N) or EPIYA-containing region (CagA ABCCC) by internal deletion. From the CagA N mutant, we also made additional mutant derivatives, CagA N C and CagA N ABCCC, which lack the Cterminus region and EPIYA-containing region, respectively (Fig. 1A ). These CagA mutants were all C-terminal hemagglutinin (HA) epitope-tagged and were transiently expressed in AGS human gastric epithelial cells. Expression of these CagA mutants was confirmed by immunoblotting with an anti-HA antibody (Fig. 1B) . Expectedly, CagA mutants possessing the EPIYA-containing region were efficiently phosphorylated, while those lacking the EPIYA-repeat region were not (Fig.  1B) . Wild-type CagA induces the hummingbird phenotype in AGS cells (22) . Accordingly, we examined the ability of these CagA mutants to induce the hummingbird phenotype. The CagA N and CagA N C mutants were capable of inducing elongation of cells, which was indistinguishable from the elongation of cells induced by wild-type CagA (Fig. 1C, left panel) . On the other hand, CagA mutants lacking the EPIYA-containing region failed to induce morphological changes in cells as was shown with phosphorylation-resistant CagA (PR CagA), in which all of the tyrosine residues in the five EPIYA motifs were replaced by phenylalanine residues (Fig. 1C, right panel) . These results confirm our previous results showing that CagA induces the hummingbird phenotype in a tyrosine phosphorylation-dependent manner (22) .
We next investigated sub-cellular localization of each CagA mutant in AGS cells by immunostaining. We found that wild-type CagA as well as the CagA N and CagA N C mutants, both of which retained the ability to induce the hummingbird phenotype, were localized to the plasma membrane. In contrast, CagA N ABCCC, CagA N and CagA ABCCC, all of which failed to induce the hummingbird phenotype, were primarily detected in the cytoplasm (Fig. 1C, right  panel) . Notably, PR CagA, which does not induce the hummingbird phenotype, still retained the ability to localize to the membrane. From these observations, we concluded that stable association of CagA with the membrane requires the EPIYArepeat region but is independent of tyrosine phosphorylation at the EPIYA sites.
Determination of EPIYA segments that correspond to the genetic units of homologous recombination-NCTC11637 wild-type CagA contains five EPIYA motifs, which are designated EPIYA-A, EPIYA-B and 3 x EPIYA-C sites based on the sequence surrounding each of the EPIYA motifs ( Fig. 2A) (29) . Accordingly, we subdivided the EPIYA-containing region of CagA into the EPIYA-A segment (residues 869-900), the EPIYA-B segment (residues 901-940), and 3 copies of the EPIYA-C segment, a repeatable 34-amino-acid sequence that contains the EPIYA-C site (residues 941-974, residues 975-1008 and residues 1009-1042) (Fig. 2B) . The border of each fragment was determined by comparing sequences of the EPIYA-containing regions, which were made by extensive genetic recombination among various CagA isolates (29, 30) .
Delineation of EPIYA sites involved in CagAmembrane interaction-To elucidate which EPIYA site is involved in membrane localization of CagA, we generated a series of CagA mutants that lack the EPIYA segments in various combinations (Fig. 3A) . We have already shown that EPIYA-C is the major site of CagA tyrosine phosphorylation in AGS cells (29) . Consistently, the levels of tyrosine phosphorylation among the CagA mutants were proportional to the number of EPIYA-C (Fig. 3B) . As expected, CagA mutants such as CCC, ACCC and BCCC were hardly tyrosine-phosphorylated in AGS cells because they do not possess the EPIYA-C site. We next examined the ability of each EPIYA mutant to interact with the membrane by immunostaining (Fig. 3C) . The results indicate that CagA mutants possessing at least a single EPIYA fragment are capable of membrane localization. However, there was no difference among EPIYA-A, EPIYA-B and EPIYA-C segments in their ability to confer membrane localization upon CagA (Fig. 3C) . Hence, EPIYA-A, EPIYA-B and EPIYA-C segments have comparable activities to confer membrane association of CagA. We also compared membrane association among CagA mutants possessing different numbers of EPIYA-C fragments (CagA AB, CagA ABC and CagA ABCC) (Fig. 3A) . Again, we did not find any quantitative correlation between membrane association of CagA and the number of EPIYA sites. From these observations, we concluded that the presence of a single EPIYA fragment is necessary for membrane association of CagA.
EPIYA motif confers membrane localization on
CagA-To further elucidate the structural basis for the membrane association of CagA, we compared amino-acid sequences among EPIYA-A, EPIYA-B and EPIYA-C segments and concluded that the EPIYA motif is the only conserved sequence among the EPIYA segments. Accordingly, we suspected that the five-amino-acid sequence is responsible for membrane association of CagA. CagA BCCC, CagA ACCC and CagA ABCC mutants possess a single EPIYA fragment and localize to the membrane. To address the above possibility, we specifically deleted the EPIYA sequence from these CagA mutants and examined their membrane localization in AGS cells (Fig. 4A  and B) . As shown in Fig. 4C , deletion of the EPIYA motif abolished membrane interaction of these CagA mutants. The results indicate that the EPIYA sequence itself is required for membrane association of CagA. To further substantiate the conclusion, we made CagA ABCCC+EPIYA and CagA ABCCC+3EPIYA mutants, in which the entire EPIYA-repeat region (amino acids 869-1086) was replaced with a single copy and three copies of the EPIYA sequence, respectively, and expressed the mutants in AGS cells (Fig. 5A and  B) . In contrast to CagA ABCCC, which exclusively localized in the cytoplasm, both of the CagA mutants exhibited membrane localization (Fig. 5C) . Again, in this case, the CagA mutants with a single and triple EPIYA sequence exhibited comparable levels of membrane localization, indicating that the presence of a single EPIYA motif is necessary for membrane association of CagA. We concluded from these observations that the EPIYA motif is a membrane localization signal of H. pylori CagA in gastric epithelial cells.
Finally, we investigated whether the EPIYA motif can specify the membrane localization of an unrelated cytoplasmic protein. To do so, we introduced the EPIYA sequence into a constitutive active mutant of SHP-2, SHP-2 SH2-Myc, which lacks the N-terminal SH2 domains and therefore localizes exclusively in the cytoplasm and nucleus (Fig. 6A) . As has been previously reported, addition of the myristoylation signal to the Nterminal region of the SHP-2 mutant directed membrane localization (22) . On the other hand, addition of the EPIYA motif to the N-terminal region of the SHP-2 mutant did not specify membrane association (Fig. 6B) . The result indicates that the EPIYA motif per se is not sufficient to direct membrane localization of unrelated proteins.
DISCUSSION
Upon translocation into gastric epithelial cells, CagA localizes to the plasma membrane, where it undergoes tyrosine phosphorylation at EPIYA sites so as to generate docking sites for cellular proteins such as SHP-2 and Csk (31). Both SHP-2 and Csk are cytoplasmic proteins and they are activated upon membrane recruitment. Accordingly, membrane localization is an essential prerequisite for CagA to deregulate intracellular signaling. CagA also associates with tight junction proteins, such as ZO-1 and JAM, and disturbs junctional functions (27) . Again, in this case, membrane localization is crucial for CagA to interact with junctional complexes.
In this work, we investigated the CagA region that is responsible for membrane association and found that the EPIYA motif is a membrane targeting-sequence of CagA. We confirmed the essential role of EPIYA in membrane association both by deletion and insertion of the EPIYA sequence in CagA. However, we also note that the EPIYA motif is insufficient to direct membrane localization of unrelated proteins. The result indicates that another CagA structure is required in addition to the EPIYA motif to make a stable association of CagA with the membrane. The EPIYA motif has already been shown to be the site of CagA tyrosine phosphorylation by Src family kinases (19, 20) . However, the results of the present study rule out the possibility of a role of EPIYA phosphorylation in CagA-membrane interaction because substitution of the tyrosine residue with the non-phosphorylatable phenylalanine residue did not affect the ability of CagA to associate with the membrane.
Given that virtually all of the CagA isolates possess multiple EPIYA sites, a dual role of the EPIYA motif in membrane integration and tyrosine phosphorylation is intriguing. Since presence of a single EPIYA motif has been shown to be sufficient for the membrane association of CagA, one of the multiple EPIYA sites may be utilized for membrane tethering of CagA, while others are employed for signal generation though interacting with cellular proteins such as SHP-2. The EPIYA sites of CagA are sub-classified into EPIYA-A, -B, -C and -D based on the sequences surrounding individual EPIYA motifs. A prevalent form of CagA species isolated in Europe, North America, Africa and Australia is the "A-B-C" type CagA (Western CagA), whereas that in East Asia is the "A-B-D" type CagA (East Asian CagA) based on the composition of EPIYA sites (30, 32, 33) . We previously reported that EPIYA-C and EPIYA-D sites are major sites of tyrosine phosphorylation in Western and East Asian CagA species, respectively, and that SHP-2 specifically interacts with the tyrosine-phosphorylated EPIYA-C or EPIYA-D site (29) . However, it should be also noted that EPIYA-A and EPIYA-B sites are conserved virtually in all CagA isolates, whereas there are some CagA species that contain neither an EPIYA-C site nor EPIYA-D site. The observations indicate that EPIYA-A and EPIYA-B sites are also important in the function of CagA, and the present work suggests that EPIYA-A or EPIYA-B site is primarily responsible for membrane association of CagA.
The present work raises the possibility that the EPIYA motif binds a cellular protein that tethers CagA to the membrane in a manner independent of EPIYA tyrosine phosphorylation. Notably, ZO-1, a component of the tight junction, has been reported to associate with CagA in polarized MDCK epithelial cells independent of CagA phosphorylation (27) . Accordingly, a junctional component protein such as ZO-1 may be a potential candidate that tethers CagA to the membrane, although we could not demonstrate a direct complex formation between CagA and ZO-1 in cells 2 . In addition to this basal CagA activity, a fraction of CagA species may have developed additional pathological activity that disturbs intracellular signaling in a tyrosine phosphorylation-dependent manner through acquisition of an EPIYA-C or EPIYA-D site. It has also been reported that CagA is enriched in a lipid raft through an immuno-receptor tyrosine-based activation motif (ITAM)-like sequence present in the EPIYA-containing region (34) . Since translocation of CagA to a lipid raft was shown to be dependent on tyrosine phosphorylation of CagA, the ITAM-like sequence is not likely to be involved in the CagA-membrane interaction. Also, c-Met HGF receptor has been reported to associate with CagA in cells (35). The interaction was independent of CagA tyrosine phosphorylation, although c-Met phosphorylation, which is caused by HGF treatment or H. pylori infection, was required. However, we detected neither tyrosine phosphorylation of c-Met nor physical interaction between CagA and c-Met in cagA-transfected AGS cells, arguing against the involvement of cMet in membrane association of CagA 3 . There remains the possibility that membrane association of CagA involves direct interaction of the EPIYA motif with lipid components of the membrane, although we do not have any evidence that supports this idea.
Further elucidation of molecular mechanisms involved in membrane association of CagA will not only improve our understanding of cagApositive H. pylori-induced gastroduodenal disorders but also facilitate identification of potential therapeutic targets. Specific inhibition of EPIYA-mediated membrane association of CagA should prevent development of gastric pathological changes caused by cagA-positive H. pylori infection, which eventually lead to gastric adenocarcinoma. 1 The abbreviation used are: H. pylori, Helicobacter pylori; cagA, cytotoxin-associated gene A; cag PAI, cytotoxin associated gene pathogenicity island; SHP-2, SH2 domain-containing protein-tyrosine phosphatase-2; Csk, C-terminal Src kinase; EPIYA, glutamic acid-proline-isoleucine-tyrosine-alanine; WT, wild-type; PR, phosphorylation-resistant; HA, hemagglutinin. 
